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We propose two novel methods for testing the standard model using external photon conversion
at a high-luminosity e+e− B factory proposed recently. The first method is to measure the mixing-
induced CP -violation parameter Spi0pi0 in B
0
→ pi0pi0 decays. The precision of Spi0pi0 is estimated to
be 0.23 from a Monte Carlo study for a data sample containing 50×109 BB pairs. We demonstrate
that this measurement is crucial for reducing the discrete ambiguity of the Cabibbo-Kobayashi-
Maskawa angle φ2 determined from the isospin analysis with B → pipi decays. The second method
is to measure photon polarization in B0 → K∗0(→ K+pi−)γ decays using the external photon
conversion, and combine it with SK∗γ from B
0
→ K∗0(→ K0Spi
0)γ decays. This offers a promising
way of determining the hypothetical right-handed current amplitude and phase beyond the standard
model.
PACS numbers: 11.30.Er, 12.15.Hh, 13.25.Hw, 14.40.Nd
Recent experimental efforts made by two B factory ex-
periments, BaBar and Belle, have been providing crucial
tests of the unitarity of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix [1] in the standard model (SM). Although
no compelling evidence for new physics (NP) beyond the
SM has been found so far, further accurate tests of the
SM quark flavor sector are necessary in the next decade
in which the NP search will also be extensively performed
at the LHC experiments.
In this Letter, we present two proposals of the novel
SM tests using external photon conversion (PC) that can
be carried out only at a high luminosity B factory. Pho-
tons from B decays are converted into e+e− pairs by
the interaction with the detector at a certain probabil-
ity, which is known as the Bethe-Heitler process [2]. The
converted photon provides additional information such as
the B vertex position and photon polarization. The pho-
ton energy resolution is also improved. The first proposal
is to measure the mixing-induced CP -violation parame-
ter Spi0pi0 in B0 → π0π0 decays [3] with PC, which is
otherwise difficult since the B0 decay vertex cannot be
determined. We demonstrate that Spi0pi0 is crucial for
an unambiguous determination of the CKM angle φ2 [4].
The second proposal is to measure the photon polariza-
tion in the B0 → K∗0(→ K+π−)γ decays. This allows us
to determine the hypothetical right-handed current am-
plitude and phase beyond the SM, when it is combined
with a measurement of the mixing-induced CP -violation.
For both proposals, we estimate the precision of the mea-
surements for a data sample containing 50×109 BB pairs
(50 ab−1 data), which is expected at a future high lumi-
nosity B factory [5].
The angle φ2 has been measured using B meson de-
cays into ππ [6, 7]. In the decay B0 → ππ, where
ππ denotes either π+π− or π0π0, φ2 is obtained from
Spipi =
√
1−A2pipi sin(2φ2 + κpipi). Here Apipi is the direct
CP -violation parameter, and the phase κpipi can be mea-
sured using isospin relations [8] with the branching frac-
tions for B0 → π+π−, π0π0 and B+ → π+π0 decays, and
the direct CP -violation parameters Api+pi− and Api0pi0 .
In general, we have eightfold ambiguity in the φ2 so-
lutions obtained from the isospin analysis in B → ππ
decays without Spi0pi0 information. Measuring Spi0pi0 can
reduce the ambiguity to two, providing us not only more
stringent φ2 constraints but also a severe consistency
check of the φ2 measurements with B → ρπ [9] or
B → ρρ [10]. The ππ system is free from systematic
and theoretical uncertainties due to the finite width of
ρ meson. The Spi0pi0 measurement can also probe the
∆I = 5/2 contribution in B → ππ decays [11].
To estimate the measurement precision of Spi0pi0 , we
employ a Geant detector Monte Carlo (MC) simulation
developed by the Belle collaboration. The MC sim-
ulation involves the Belle detector [12] at the KEKB
e+e− asymmetric-energy collider [13] operating at the
Υ(4S) resonance produced with a Lorentz boost factor
of βγ = 0.425 along the electron beam direction (z axis).
The Belle detector consists of a 1.5 cm radius beryllium
beampipe, a four-layer silicon vertex detector (SVD) and
devices for tracking, particle identification and electro-
magnetic shower detection.
In the Geant MC simulation, we generate a large num-
ber of Υ(4S) → B0B0 decays, where one of the B0
mesons decays into π0π0 and the other decays into a fla-
vor specific state ftag. The time dependent decay rate
2TABLE I: Branching fractions and CP -violation parameters
for B → pipi decays used in our study. The first (second)
errors represent statistical (systematic) uncertainties.
B(B0 → pi+pi−) (5.21± 0.02 ± 0.10) × 10−6
B(B+ → pi+pi0) (5.61± 0.04 ± 0.17) × 10−6
B(B0 → pi0pi0) (1.35± 0.02 ± 0.05) × 10−6
Spi+pi− −0.66± 0.01± 0.01
Api+pi− +0.37± 0.01± 0.01
Spi0pi0 +0.92
Api0pi0 +0.16± 0.03± 0.01
is [14]
Pqpi0pi0(∆t) =
e−|∆t|/τB0
4τB0
{1 + q(1− 2w) (1)
[Spi0pi0 sin(∆md∆t) +Api0pi0 cos(∆md∆t)]},
where τB0 is the B
0 lifetime, ∆md is the mass difference
between the two B0 mass eigenstates, ∆t = tCP − ttag,
tCP (ttag) is the decay time of B
0 → π0π0 (ftag), q =
+1 (−1) when ftag = B0 (B0), and w is the wrong tag
fraction. Since the two B mesons are produced nearly
at rest in the Υ(4S) center-of-mass system (CMS), ∆t is
determined from the distance between the two B meson
decay vertices along the z-direction (∆z); ∆t ∼= ∆z/cβγ,
where c is the speed of light. In the MC, we find 11.3%
of events have photons converted to e+e− pairs at the
beampipe or the SVD, while 2.2% of events have the π0
Dalitz decay.
By combining π0 → γγ and π0 → γe+e−, we choose
the B0 → π0π0 signal candidates using the energy dif-
ference ∆E = E∗B − E∗beam and the beam-energy con-
strained mass Mbc =
√
(E∗beam)
2 − (p∗B)2, where E∗beam
is the CMS beam-energy, and E∗B and p
∗
B are the CMS
energy and momentum of the candidate. For the ver-
tex reconstruction, we require one of the two tracks of
the e+e− pair to have at least two associated hits in the
SVD.
The decay vertex reconstruction technique in Ref. [15]
utilizing K0S → π+π− and the e+e− beam interaction
profile is employed for the candidates with the PC, while
the algorithm [16] is applied to the B0 → π0π0 candi-
dates followed by the π0 Dalitz decay and the ftag state.
The reconstruction efficiency of B0 → π0π0 involving the
PC (π0 Dalitz decay) is 8.6% (14.8%), leading to the ex-
pected signal yield of 690 (230) for the branching fraction
in Table I [17, 18].
Based on the residuals between MC-generated and
reconstructed positions, we find the resolutions of the
B0 → π0π0 decay position and ∆z are approximately
120 µm and 150 µm, respectively. From the ∆z residual
distribution, a resolution function of ∆t is constructed.
We model it as a sum of three Gaussians. To obtain a
∆t probability density function (PDF), we convolve the
resolution function with the time-dependent decay rate
in Eq. (1). We assume the effective tagging efficiency
ε = 30%, i.e. w = (1 −√ε)/2 = 0.23 [19].
We also take into account the continuum e+e− → qq
(q = u, d, s, c) and B+ → ρ+π0 rare decays [20]. Using a
large Geant MC sample, the expected yield of the contin-
uum (B+ → ρ+π0) background is estimated to be 20000
(300). We employ the ∆t PDF for the backgrounds in
Ref. [6], which contains prompt and lifetime components
convolved with a resolution function composed of a sum
of two Gaussians.
To distinguish between the signal and the continuum
events, we construct a likelihood function LS (LBG) for
the signal (continuum) events from the event topology
and the B flight direction in the CMS with respect to the
z axis, and form a likelihood ratio R = LS/(LS + LBG)
for the candidate events.
We generate 2000 MC pseudo experiments with the
input values of Spi0pi0 and Api0pi0 listed in Table I; each
pseudo experiment contains the signal, continuum and
B+ → ρ+π0 events with the yields estimated above. The
MC events are generated according to the PDFs of ∆E,
Mbc and R, which are determined from the Geant MC.
The ∆t PDFs defined above are also used for the MC
generation.
For a fit to obtain Spi0pi0 , a likelihood value of the i-
th event is defined as Pi =
∑
k nkPk(~si)Pk(∆ti), where
nk is the fraction of component k indicating either sig-
nal, continuum or B+ → ρ+π0, Pk(~s) is the event-by-
event probability for the component k as a function of
~s = (∆E,Mbc,R), and Pk(∆t) is the ∆t PDF of compo-
nent k. We obtain Spi0pi0 and Api0pi0 simultaneously by
maximizing the likelihood function P = ∏i Pi in each
pseudo experiment. The expected Spi0pi0 error σS
pi0pi0
is
determined from a root mean square value of the Spi0pi0
distribution; we measure σS
pi0pi0
= 0.23.
To constrain φ2, we perform an isospin analysis us-
ing the obtained σS
pi0pi0
value and the values in Table I
with the statistical approach described in [21]. The Spi0pi0
central value is obtained from the isospin relations by as-
suming φ2 = 90
◦. The statistical errors in Table I are
estimated by multiplying 0.1 to the errors in Ref. [17]
assuming that statistics are 100 times as large as those
in Ref. [17]. The systematic errors of the branching frac-
tions are assumed to arise from uncertainties in the de-
tection efficiency for a π0 (2%) and a charged particle
(1%) [22]. We assume 1% systematic errors for the CP -
violation parameters, which originate from the asymme-
try of charged particle detection efficiency [22] and the
irreducible vertex reconstruction uncertainty of SVDmis-
alignment [5]. Figure 1 shows the obtained confidence
levels (C.L.) as a function of φ2 with and without the
Spi0pi0 constraint. While eight-fold discrete ambiguity is
seen in the case without Spi0pi0 , it reduces to two by in-
cluding the Spi0pi0 constraint.
We now turn to the photon polarization measurement
with PC. The SM predicts that the helicity of an emitted
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FIG. 1: Confidence level as a function of φ2 obtained from
the isospin analysis. The filled (dotted) curve shows the C.L.
with (without) the Spi0pi0 constraint. Two dashed horizontal
lines indicate C.L. = 68.3% and 95.4%.
photon in the radiative transition b → sγ is dominantly
left-handed. Therefore the detection of a right handed
photon is unambiguous evidence for NP. The external
PC in B0 → K∗0γ followed by K∗0 → K+π− enables
us to measure the amplitude of the right-handed photon
emission by making use of the photon polarization in-
formation obtained from the angle φ between the event
planes of K+π− and γ → e+e− [23].
The amplitude for the emission of a left- (right-)
handed photon is expressed as FL = Me
iφL cosψ (FR =
MeiφR sinψ), where φL (φR) is a CP -violating phase, ψ
is O(ms/mb) in the SM [24], ms (mb) is the s (b) quark
mass, andM is an amplitude that determines the overall
decay rate. The distribution for the angle φ satisfies
dσ
dφ
∝ 1 + ξR cos(2φ+ δ), (2)
R =
|FL||FR|
|FL|2 + |FR|2 =
1
2
sin 2ψ, (3)
where ξ =
√
X2 + Y 2, tan δ = (X tanφ− − Y )/(X +
Y tanφ−), φ− = φR − φL, X = 2(σII − σIII)/(σII + σIII)
and Y = 4σIV/(σII+σIII). Here σII (σIII) is the PC cross
section parallel (perpendicular) to the polarization of a
polarized photon [25], and σIV measures the acoplanarity
of the photon, electron and positron vectors. We ignore
the contribution from σIV by following Ref. [23], hence
assume δ = φ−. The dilution parameter ξ depends on
both photon energy and an opening angle of the e+e−
pair, and is approximately 0.1 when integrated over the
electron energy and the opening angle [26]. From the φ
distribution, we can measure δ and R with B0 → K∗0(→
K+π−)γ decays.
In addition, the time-dependent CP asymmetry mea-
surements in B0 → K∗0γ followed by K∗0 → K0Sπ0 [27]
yield the mixing-induced CP -violation parameter
SK∗γ = −2R sin(2φ1 − φ+), (4)
where φ1 = (21.7 ± 1.3)◦ [17] is one of the CKM weak
phases, and φ+ = φR + φL. We point out that we can
determine R, φL and φR separately by combining the
polarization and CP asymmetry measurements. Within
the SM, we expect φL = φR = 0 to a good approxima-
tion [28]. Observation of the CP -violating phases would
thus be a clear evidence for NP.
We generate a large number of Υ(4S) → B0B0 →
(K∗0γ)(ftag) events, where K
∗0 decays into K+π− in
the Geant MC simulation. The photon emitted is con-
verted at the beampipe or the SVD with a probability of
2.8%. The B0 reconstruction efficiency is 0.36% includ-
ing the branching fraction of K∗0 → K+π−; we expect
7200 B0 → K∗0γ events having converted photons with
the branching fraction of 4 × 10−5 [17]. Because of the
small opening angle of the e+e− pair, typically 10 mrad,
we find the φ resolution is 23◦ and the φ reconstruction
efficiency is 35%; the remaining 65% of events have no
information on φ and produce a flat φ distribution.
We estimate the expected measurement precision of R
and φ−. In this study we ignore the possible background
contributions of about 5%, which is estimated using a
large Geant MC sample. We generate 1000 pseudo ex-
periments for five R values from 0.1 to 0.5, while φ− is
fixed to 0. Each pseudo experiment contains 7200 signal
events generated according to Eq. (2) modified to take
into account the φ reconstruction efficiency and resolu-
tion. We choose x = R cos(φ−) and y = R sin(φ−) as
fit parameters, and find the x and y distributions have
the same Gaussian sigma σx = 0.52. The result is in-
dependent of R values, and neither bias nor correlation
is found. The same procedure is performed with 72000
signal events per pseudo experiment, corresponding to a
data sample containing 500 × 109 BB pairs (500 ab−1
data). We obtain σx = 0.16, consistent with the expec-
tation 0.52/
√
10.
To further constrain R and the phases, we make use of
Eq. (4). Since FL is dominated by the SM contribution,
we fix φL to 0; hence φ− = φ+ = φR. We have two inde-
pendent constraints on x and y from the polarization φ
measurement and SK∗γ = −2x sin 2φ1 + 2y cos 2φ1. The
measurement precision of SK∗γ is expected to be 0.04
(0.02) for the 50 (500) ab−1 data [5]. For the sensitivity
estimation, we employ a frequentist statistical approach
in Ref. [29]. We examine two cases: the SM expecta-
tion (R, φR) = (0.02, 0
◦) and the left-right symmetric
model assumption (0.34, 90◦) [27, 30]. Figure 2 shows
the obtained confidence regions in φR vs. R plane. With
the 50 ab−1 data, the constraint is mostly determined
by the SK∗γ measurement precision because of the large
σx value. On the other hand, with the 500 ab
−1 data
the φ measurement becomes important for the R and φR
constraints.
We emphasize the vertex reconstruction using PC can
also be applied to the time-dependent CP violation anal-
ysis in B0 → K0π0 decays, which are sensitive to a new
CP -violating phase in the b→ sq¯q transition; we can in-
crease the vertex efficiency by about 10% for B0 → K0Sπ0
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FIG. 2: Confidence regions in φR vs. R plane. The contours
indicate C.L.= 68.3% (1σ). The cross marks indicate the
assumed (R, φR) positions; figures (a) and (b) correspond
to (0.02, 0◦), while figures (c) and (d) correspond to (0.34,
90◦). Left (right) two figures show the sensitivity with the 50
(500) ab−1 data.
and can reconstruct the vertex position of B0 → K0Lπ0.
The energy resolution of a converted photon is three
times better than that of a photon without conversion.
This feature improves the signal-to-noise ratio in the ex-
clusive b → sγ measurements, and in the search for the
lepton number violating process τ → µγ.
Finally, we note that the PC probability increases by
50% if we use a six-layer SVD proposed in [5]. Even
a higher PC probability is possible by choosing high-Z
material, such as CdTe, for the SVD. Dedicated studies
are needed in this case to guarantee good momentum
resolution for charged particles.
In summary, we have made two proposals of new mea-
surements using PC at a future high luminosity B factory
experiment. The PC enables us to determine the vertex
position of B0 → π0π0 decays. With the 50 ab−1 data,
we find that the measurement precision of Spi0pi0 is 0.23,
and that it reduces the discrete ambiguity of the φ2 solu-
tions. The photon polarization measured using PC com-
bined with the SK∗γ measurement in B0 → K∗0γ decays
allows us to constrain the phase and amplitude of the
right-handed current beyond the SM. We find that with
the 500 ab−1 data sample the polarization measurement
becomes important for constraining R and φR.
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